Segregation of information flow along a dorsally directed pathway for processing object location and a ventrally directed pathway for processing object identity is well established in the visual and auditory systems, but is less clear in the somatosensory system. We hypothesized that segregation of location vs. identity information in touch would be evident if texture is the relevant property for stimulus identity, given the salience of texture for touch. Here, we used functional magnetic resonance imaging (fMRI) to investigate whether the pathways for haptic and visual processing of location and texture are segregated, and the extent of bisensory convergence. Haptic texture-selectivity was found in the parietal operculum and posterior visual cortex bilaterally, and in parts of left inferior frontal cortex. There was bisensory texture-selectivity at some of these sites in posterior visual and left inferior frontal cortex. Connectivity analyses demonstrated, in each modality, flow of information from unisensory non-selective areas to modality-specific texture-selective areas and further to bisensory texture-selective areas. Location-selectivity was mostly bisensory, occurring in dorsal areas, including the frontal eye fields and multiple regions around the intraparietal sulcus bilaterally. Many of these regions received input from unisensory areas in both modalities. Together with earlier studies, the activation and connectivity analyses of the present study establish that somatosensory processing flows into segregated pathways for location and object identity information. The location-selective somatosensory pathway converges with its visual counterpart in dorsal frontoparietal cortex, while the texture-selective somatosensory pathway runs through the parietal operculum before converging with its visual counterpart in visual and frontal cortex. Both segregation of sensory processing according to object property and multisensory convergence appear to be universal organizing principles.
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It is well known that visual perception, in non-human primates (Ungerleider and Mishkin, 1982) as well as humans (Haxby et al., 1994) , involves relatively distinct dorsal and ventral streams, specialized for object location and object identity, respectively. Auditory processing is similarly segregated into dorsally and ventrally directed pathways in both non-human primates and humans (Alain et al., 2001; Arnott et al., 2004; Rauschecker and Tian, 2000) . Aspects of audiovisual information are also processed in distinct regions, with stimulus identity judgments engaging regions around the superior temporal sulcus while stimulus location judgments recruit parietal cortical regions (Sestieri et al., 2006) .
In the somatosensory system, Mishkin (1979) originally postulated the existence of a hierarchically organized processing stream originating in primary somatosensory cortex (S1), located in the postcentral gyrus and sulcus (PoCG, PoCS) , and projecting through secondary somatosensory cortex (S2) in the parietal operculum onto medial temporal and inferior frontal cortices. This pathway was proposed to mediate learning of shape discrimination in the somatosensory system, analogous to the ventral visual stream. Tract-tracing methods in macaques provided anatomical evidence for this somatosensory pathway (Friedman et al., 1986) . Neurophysiological studies in macaques supported the idea of hierarchical information flow from S1 to S2, since S1 lesions essentially abolished somatosensory responses in S2 (Burton et al., 1990; Pons et al., 1987 Pons et al., , 1992 , although this was not true in macaques whose S1 was lesioned in infancy (Burton et al., 1990) and neurophysiological studies in other primate species are inconsistent with the hierarchical model (Nicolelis et al., 1998; Zhang et al., 2001) .
The idea of dichotomous pathways subserving processing of stimulus identity and location, analogous to those in the visual and auditory systems, has been pursued in a number of studies of human somatosensory processing. One study found selectivity for haptic object recognition in frontocingulate cortex and for extrapersonal spatial processing in superior parietal cortex (Reed et al., 2005) . Another report described hemispheric specialization within posterior parietal cortex: the left anterior intraparietal sulcus (IPS) for tactile discrimination of grating orientation and the right temporoparietal junction for tactile discrimination of grating location on the fingerpad (Van Boven et al., 2005) . In another study, location was varied in terms of the hand stimulated, and stimulus identity in terms of vibrotactile frequency; electrophysiologic activity, initially greater in the hemisphere contralateral to the stimulated hand, remained lateralized in parieto-occipitotemporal cortex for frequency but became bilateral for location (De Santis et al., 2007) . Finally, task-selective processing was demonstrated in common across auditory and tactile systems, stimulus identity (auditory chords or vibrotactile frequencies) being processed in inferior frontal and insular cortex whereas stimulus location (in extrapersonal space for auditory stimuli or on different fingers for tactile stimuli) was processed in inferior and superior parietal cortex (Renier et al., 2009 ). Thus, while some of these studies point to posterior parietal cortex as being important for tactile location, none provided evidence for tactile identity processing in somatosensory cortex, leaving open the functional role of the pathway studied by Mishkin and colleagues (Friedman et al., 1986; Mishkin, 1979; Pons et al., 1987 Pons et al., , 1992 .
Selective somatosensory cortical processing of stimulus attributes was first reported in studies of macaques with lesions of different parts of S1; ablating Brodmann's area (BA) 1 impaired haptic perception of surface texture, whereas removal of BA 2 affected haptic perception of object form (Randolph and Semmes, 1974) . Contrasting with such selectivity, lesions of BA 3b (Randolph and Semmes, 1974) or S2 (Murray and Mishkin, 1984) impaired perception of both surface texture and object form. Neurophysiological studies in macaques found that neuronal responses in S1 and S2 encode roughness (Jiang et al., 1997; Pruett et al., 2000; Sinclair et al., 1996) , an aspect of texture (Hollins et al., 1993) while shape-selective neurons occur in BAs 2 and 5 (Koch and Fuster, 1989) . In humans, damage to S1 compromises both roughness and shape discrimination (Roland, 1987) , while lesions involving S2 have been associated with tactile agnosia (Caselli, 1993; Reed et al., 1996) . Although some functional neuroimaging studies noted common regions of activation in the PoCS (O'Sullivan et al., 1994; Servos et al., 2001) or parietal operculum (O'Sullivan et al., 1994) for judgments of both surface roughness and object form, other studies emphasized segregated processing of these attributes. Shape-selectivity (relative to texture), in both haptic and visual modalities, occurs in multiple posterior parietal foci as well as a ventral visual cortical region known as the lateral occipital complex (LOC) (Amedi et al., 2001; Zhang et al., 2004) , while parietal opercular cortex is specialized for surface texture (Ledberg et al., 1995; Roland et al., 1998; ; see review by Whitaker et al., 2008) . Studies of S2 in the parietal operculum have a long history, as reviewed comprehensively by Burton (1986) . More recent studies in monkeys have identified additional parietal opercular somatosensory fields known as the ventral somatosensory area (VS) (Cusick et al., 1989) and the parietal ventral area (PV) (Krubitzer et al., 1995) , and three distinct maps have been demonstrated in the parietal opercular hand representation of macaques (Fitzgerald et al., 2004) . Three of four cytoarchitectonic regions in the human parietal operculum, termed OP1, OP3 and OP4, are somatosensory; OP1 appears homologous to S2, OP4 to PV and OP3 to VS (Eickhoff et al., 2007) . These three regions were all texture-selective in our prior study .
We suggested that our earlier findings of haptic shape-selectivity in the PoCS and IPS but texture-selectivity in OP1, OP3 and OP4 might fit the action-perception dichotomy (Dijkerman and de Haan, 2007; Goodale and Milner, 1992) , proposed as an alternative to the locationidentity basis for segregation of sensory processing in both vision and touch. According to this view, the pathway comprising the PCS and IPS would be concerned with grasping, which is closely tied to object shape, while the stream involving parietal opercular somatosensory areas would be related to material object properties such as texture, an object property especially salient to touch (Whitaker et al., 2008 ). Here, we tested the hypothesis that segregation of location vs. identity information for touch would be evident if texture was used as the relevant property for stimulus identity, which was not the case in any of the earlier studies exploring such segregation. There are a number of reasons to use texture as the variable determining stimulus identity; not only is texture highly salient to touch, but texture judgments are actually better for touch than vision, particularly for fine textures, and touch tends to dominate vision in texture perception (reviewed by Whitaker et al., 2008) . Thus, when one perceives an object, its shape is readily assessed visually; however, judging its texture, which is sometimes the unique property (e.g. a peach vs. nectarine or ripe vs. unripe fruit), though visually perceptible, benefits from tactile exploration. This may be because touch and vision, although both capable of extracting texture information, differ substantially in the nature of sensing; vision is largely concerned with spatial patterns and is sensitive to illumination gradients, whereas touch relies on spatial variation as well as vibrations and tangential forces generated by surface exploration and is multidimensional, including at least the rough-smooth and softhard continua and possibly additional ones such as sticky-slippery (reviewed by Hollins and Bensmaia, 2007; Sathian, 1989; Whitaker et al., 2008) .
As noted above, posterior parietal cortical areas are involved in processing location information for visual (Haxby et al., 1994; Ungerleider and Mishkin, 1982) , auditory (Alain et al., 2001; Arnott et al., 2004; Rauschecker and Tian, 2000) , tactile (Reed et al., 2005; Van Boven et al., 2005) , audiovisual (Sestieri et al., 2006) and audiotactile (Renier et al., 2009) stimuli, but the extent to which spatial processing is shared between vision and touch remains uncertain. Selective haptic processing of texture has been found in the parietal operculum, as outlined above (Ledberg et al., 1995; Roland et al., 1998; ; see review by Whitaker et al., 2008) . Visual texture-selectivity has been reported in and around the collateral sulcus (Cant et al., 2009; Cant and Goodale, 2007; Peuskens et al., 2004; Puce et al., 1996) or distributed through visual cortex (Beason-Held et al., 1998) . Whether texture processing is separable from location processing has not been studied in either vision or touch, although one study showed a dorso-ventral segregation in vision for motion-vs. texture-selectivity . To our knowledge, our prior study was the only one to investigate texture-selectivity in both vision and touch, with the finding of bisensory overlap in early visual cortex around the presumptive V1-V2 border.
Here we report a functional magnetic resonance imaging (fMRI) study designed to investigate whether the pathways for haptic and visual processing of location and texture are segregated, and the extent to which such selective processing is unisensory or bisensory. The present study investigated not only task-selective activations which were the focus of earlier studies, but also effective connectivity, to better define the relevant pathways.
Methods

Subjects
Eighteen subjects (eleven male, seven female) took part in the study after giving informed consent. All were right-handed as assessed by the high-validity subset of the Edinburgh handedness questionnaire (Raczkowski et al., 1974) , were neurologically normal, and had vision that was normal or corrected to normal with contact lenses. Subjects with callused fingerpads or a history of injury to the upper extremity were excluded. Ages ranged from 18-23 years, with a mean age of 20.8.
Stimuli Haptic
The haptic texture (HT) stimuli were constructed of various fabrics or upholstery glued to both sides of a 4 × 4 × 0.3 cm cardboard substrate. The haptic location (HL) stimuli consisted of a cardboard base of similar dimensions, on which was drawn a 4 × 4 grid. A plastic, 3 mm diameter, raised dot that could easily be felt was centrally glued at one of 16 locations within the grid; the grid itself could not be felt. Subjects were blindfolded and instructed to keep their eyes closed. The right arm was extended and supported by soft foam padding, with the right hand supinated and comfortably placed near the front magnet aperture. Stimuli were presented by an experimenter in a consistent orientation, and subjects were instructed to support each stimulus with the 2nd-5th digits while "sweeping" the superior stimulus surface with the thumb. Consequently, motor activity to evaluate texture or location was very similar.
Visual
Visual texture (VT) stimuli were 2.6 cm square black and white photographs of the fabrics/upholstery used to construct the haptic texture stimuli. Visual location (VL) stimuli consisted of a 1.5 mm black dot at one of 16 possible locations within a 4 × 4 (invisible) grid on a gray 2.6 cm square background. Visual stimuli were centrally displayed on a black background, and projected on a screen at the rear magnet aperture. An angled mirror positioned above the subject's eyes enabled clear visualization of the images. Subjects were instructed to fix their gaze at the center of the screen.
Pilot testing
Pilot psychophysical studies were conducted to minimize differences in discriminability among the stimulus sets, as far as possible. Initial testing (n = 8) indicated that discriminability was similar for HT, HL and VT stimuli (82.8% correct, 81.0% correct and 80.1% correct, respectively) but better for VL stimuli (94.1% correct). Adjustments were subsequently made to visual stimulus size and intensity to further minimize discriminability differences. Psychophysical measures based on responses collected during scanning indicated that there were some residual differences in discriminability; hence, covariate analysis was conducted on response accuracy to assess its potential impact on task-selective activations.
MR scanning
Scans were performed on a 3 Tesla Siemens Trio whole body scanner (Siemens Medical Solutions, Malvern, PA), using a 12-channel matrix head coil. Functional images with blood oxygenation leveldependent (BOLD) contrast were acquired using a T2*-weighted single-shot gradient-recalled echoplanar imaging (EPI) sequence with the following parameters: twenty-nine axial slices of 4 mm thickness, repetition time (TR) 2000 ms, echo time (TE) 31 ms, flip angle (FA) 90°, in-plane resolution 3.4 × 3.4 mm, and in-plane matrix 64 × 64. Following the functional imaging runs, a 3D anatomic (MPRAGE) sequence of 176 sagittal slices of 1 mm thickness was obtained with TR 2600 ms, TE 3.9 ms, inversion time (TI) 1100 ms, FA 8°, in-plane resolution 1 × 1 mm, and in-plane matrix 256 × 256. Foam padding under the body and arms was used to minimize the transfer of vibration from the gradient coils. Additional foam padding was used within the head coil to minimize movement. Gradient noise attenuation was provided by headphones that also served to convey verbal cues and instructions.
A block design paradigm was utilized, consisting of alternating blocks with and without stimulation. There were 12 stimulation blocks (6 per condition) and 13 rest blocks. Immediately preceding each stimulation block, a verbal cue was presented for 1 s to prepare the subject for the following condition: "rest", "texture" or "location". In the inter-stimulus intervals, the subject pressed one of two buttons on a fiberoptic response box, with the second or third digit of the left hand, to indicate whether the stimulus was identical to or different from the immediately preceding stimulus.
For haptic stimulation, each 30 s stimulation block contained five stimulus trials of 6 s each. The timing of stimulus presentations was provided by cues displayed to the experimenter on the wall of the scanner room. An experimenter placed stimuli in the subject's right hand for 5 s, with a 1 s inter-stimulus interval (ISI). The stimulation blocks were interleaved in a predetermined pseudorandom sequence with 20 s rest blocks, using Presentation software (Neurobehavioral Systems, Albany CA) that also controlled stimulus timing and the display of cues to the subject and experimenter. Two runs were completed on each subject.
For visual stimulation, each 18 s stimulation block contained nine stimulus trials of 2 s each: 0.5 s visual display, 1.5 s ISI. Presentation software controlled stimulus timing. Rest blocks were also 18 s long, during which subjects were asked to fixate on a central fixation cross. Two runs were completed per subject.
The two haptic runs were conducted one after the other, as were the two visual runs. Half the subjects did the haptic runs first while the other half did the visual runs first. A blindfold was placed inside the head coil at the time of initial setup. Immediately before and after the haptic runs, the subject was carefully moved out of the magnet aperture while remaining in position on the scanner table to allow application or removal of the blindfold.
Image processing and analysis
Image processing and analysis was performed using BrainVoyager QX v1.10.4 (Brain Innovation, Maastricht, Netherlands). Each subject's functional runs were real-time motion-corrected utilizing Siemens 3D-PACE (prospective acquisition motion correction). Functional images were preprocessed utilizing sinc interpolation for slice scan time correction, trilinear-sinc interpolation for intra-session alignment of functional volumes, and high-pass temporal filtering to 3 cycles per run to remove slow drifts in the data. Anatomic 3D images were processed, co-registered with the functional data, and transformed into Talairach space (Talairach and Tournoux, 1988) . Activations were localized with respect to 3D cortical anatomy with the help of an MRI atlas (Duvernoy, 1999) .
For group analysis, the transformed data were spatially smoothed with an isotropic Gaussian kernel (full-width half-maximum 4 mm) and normalized across runs and subjects using the "z-baseline" option in BrainVoyager, which normalizes using time points where the predictor values are at or close to zero (default criterion of ≤0.1 was used). Statistical analysis of group data used random-effects, general linear models and contrasts of the texture and location conditions to identify haptic or visual texture-selective or location-selective regions, with correction for multiple comparisons (q b 0.001) by the false discovery rate (FDR) approach (Genovese et al., 2002) .
Unisensory activations common to location and texture tasks were identified by computing modality-specific contrasts for each task and taking their conjunction (FDR)-corrected, q b 0.001, i.e., (HL-VL)+ (HT-VT) for the haptic modality and (VL-HL) + (VT-HT) for the visual modality. The purpose of this contrast was to find regions in classic unimodal somatosensory or visual areas that were non-selective, but modality-specific, for the tasks used here. Such regions would be expected to be cortical sources of projections to task-selective regions.
Activations were characterized as bisensory using the conjunction of haptic and visual texture-selective regions or haptic and visual location-selective regions, FDR corrected (q b 0.05). Such bisensory regions could simply reflect intermingled populations of modalityspecific neurons, or actual bisensory neurons. We have previously argued ) that if such regions show correlations across individuals in the magnitude of activity evoked in the haptic and visual modalities, the probability that they actually house bisensory neurons is higher than in the absence of such correlations. Therefore, the "hot-spots" of these bisensory, taskselective regions were interrogated for the presence of these intersensory correlations in activation magnitude across individuals; Bonferroni corrections were applied for the number of regions so tested for each task.
Further, ANCOVAs were used to find voxels showing correlations across individuals between activation magnitude and behavioral accuracy, using the ANCOVA module in BrainVoyager, with cluster correction within the whole brain (corrected p b 0.05). These correlational analyses were used to assess the possible contribution of residual discriminability differences among stimulus sets to the observed activations.
Eye movement measurement
Eye movements were measured using predictive eye estimation regression (PEER), a novel method developed by some of the authors and their colleagues (LaConte et al., 2006 . PEER is a simple, image-based approach utilizing the MR signal from the orbits that changes as a function of eye position. Specifically, PEER uses multivariate regression based on the support vector machine (SVM) to model the relationship between the EPI images and direction of gaze (LaConte et al., 2006 . Three PEER calibration runs were used-at the beginning, middle, and end of each subject's functional session. These calibration runs matched the scanning parameters of the haptic and visual runs and consisted of a fixation circle that rastered twice through nine positions on a 3 × 3 grid, its position changing every 6 s (3 TRs). The grid locations were at the center and ±25% of the visual field, which measured approximately 20°h orizontally and 15°vertically. Based on the averages across the three calibration runs, multivariate SVM regression was used to model eye position along the horizontal and vertical axes, on a TR-by-TR basis. These estimates of eye position were averaged across TRs within each condition to yield subject-specific values for net eye movement; their absolute values were treated similarly to yield subject-specific values for total eye movement irrespective of directions along each axis.
Effective connectivity analysis
To test whether somatosensory and visual information processing segregated into distinct pathways for texture and location, effective connectivity analyses were performed. Regions of interest (ROIs) were selected from the unisensory non-selective, the unisensory taskselective and the bisensory task-selective regions, yielding one ROI set for vision and one for touch. The foci selected are indicated by asterisks in Tables 1-6 and Supplementary Tables 1 and 2. The task-specific time series data from these ROIs were extracted and subjected to multivariate Granger causality analyses (GCA) using methods elaborated previously (Deshpande et al., , 2010a . Briefly, the approach involves assessing the extent to which future values of one time series can be predicted from past values of another (Granger, 1969) , explicitly factoring out instantaneous correlations, implemented in a multivariate framework (Deshpande et al., 2010a,b) . A network reduction procedure was employed, starting with a relatively large initial set of ROIs selected as outlined above (25 ROIs for the haptic conditions and 20 for the visual conditions), followed by iterative elimination of redundant ROIs until no redundant ROIs remained, as described previously .
A simulation study found that a Bayesian approach involving computation of a statistic known as Patel's tau (Patel et al., 2006) gave better estimates than GCA of directionality, but not magnitude (Smith et al., 2011) . On the other hand, GCA has been shown to be helpful and fairly accurate in exploratory effective connectivity analysis (Rogers et al., 2010; Schippers et al., 2011) , and Bayesian approaches in general do not lend themselves well to exploratory analyses of large ROI sets. Therefore, at each iterative step of network reduction, we used GCA as an exploratory method, and subjected the directionality of significant paths emerging from this analysis to confirmatory testing using Patel's tau method (Patel et al., 2006) . Thus, the GCA-determined magnitudes of significant paths whose directionality was subsequently confirmed using Patel's tau were included in the redundancy analysis during the network reduction process. This approach allowed us to exploit the advantages of each method, using one to compensate for limitations of the other.
Results
Behavioral
Accuracy (mean % correct ± SEM) was 81.4± 2.8% in the VT task, 91.1 ± 1.9% in the visual location VL task, 87.7 ± 2.0% in the haptic texture HT task and 84.4 ± 1.9% in the haptic location HL task. An ANOVA showed no main effect of either modality (F 1,17 = .01; p = .91) or task (F 1,17 =3.3; p = .09), but there was a significant interaction between these two factors (F 1,17 =761.2; p b .001). Paired t-tests (Bonferronicorrected) showed significant differences between VT/VL (t 17 = −3.8; p = 0.001) and between VL/HL (t 17 = 3.4; p = 0.003), but not between HT/HL (t 17 =2.1; p = 0.06) or between VT/HT (t 17 = −2.5; p =0.02).
Imaging Unisensory activations common to tasks
Haptic. Unisensory haptic activations common to both location and texture tasks were identified using a conjunction of (HL-VL) and (HT-VT) contrasts. As illustrated in Fig. 1a and detailed in Supplementary Table 1 , these activations were in left S1 including the PoCG and extending anteriorly into the precentral gyrus (PrCG), in the parietal opercular field OP3, in the left mid-cingulate sulcus and the right superior cerebellum. Of these, the OP3 focus was part of a larger region of texture-selectivity (see below); i.e., the larger regions including this OP3 focus was textureselective, but this particular focus also showed a significant response in the HL condition (albeit less in magnitude than the HT condition).
Visual. Unisensory visual activations common to both location and texture tasks were identified using a conjunction of (VL-HL) and (VT-HT) contrasts. These activations ( Fig. 1b; Supplementary Table 2) were in bilateral, contiguous sectors of visual cortex, the inferior (occipitotemporal) parts of which exhibited texture-selectivity while the remaining parts were either non-selective, or only weakly selective for either task.
Unisensory task-specific activations Haptic Haptic location-selective. HL-selective activations were identified on the HL-HT contrast. Table 1 lists these activations, of which the major ones are shown in Fig. 2 (red) . These activations were found bilaterally in the frontal eye field (FEF), along extensive sectors of the IPS, in the ventral posterolateral (VPL) nucleus of the thalamus bilaterally, and in some motor areas. Typical time courses are shown in Fig. 3 . ANCOVAs were used to test for correlations across individuals between activation magnitude and behavioral accuracy; no positive correlations were found, but a number of regions exhibited significant negative correlations (Supplementary Table 3 ). These regions were distributed through frontal and occipitotemporal cortex and the cerebellum, but also included parts of right OP3. All these regions were independent of the activation map, except for a focus in the left superior cerebellum, and examination of the BOLD signal changes in these regions in the entire group revealed that they were predominantly negative with respect to baseline, i.e., greater suppression of the BOLD signal in these regions correlated with better accuracy.
Haptic texture-selective. The HT-HL contrast was used to reveal regions with HT-selectivity (Table 2 ; Fig. 4, blue) . These regions included a swath of cortex extending across the parietal opercular fields OP1, OP3, and OP4 bilaterally; parts of visual cortex in the middle occipital gyri (MOG) bilaterally; and a number of left inferior frontal foci: in ventral premotor cortex (PMv), the inferior frontal gyrus (IFG) and orbitofrontal cortex (OFC). The visual cortical and some of the frontal cortical regions showed negative BOLD signals, i.e. the "activations" here actually reflected differential deactivation with respect to baseline (e.g., Fig. 3, L MOG) . The parietal opercular regions, however, were truly differentially activated (e.g., Fig. 3, L OP3 ). Again, ANCOVAs showed no positive correlations with behavioral accuracy, with significant negative correlations in parts of visual cortex and the cerebellum (Supplementary Table 4 ) that were largely independent of the activations and again had negative BOLD signals in the subject group.
Visual
Visual location-selective. Location-selectivity in the visual modality (VL-VT contrast) was found bilaterally in the FEF, along and near the IPS, and the superior temporal sulcus (STS), as detailed in Table 3 and shown in Fig. 2 (yellow) . Typical time courses are shown in Fig. 3 . ANCOVAs showed significant positive correlations with behavioral accuracy at some parietal and temporal cortical foci and in parts of the cerebellum, independent of the activations (Supplementary Table 5) . No negative correlations were found.
Visual texture-selective. Table 4 and Fig. 4 (pink) reveal that VTselectivity, from the VT-VL contrast, was found in parts of visual cortex: in the left MOG and right posterior fusiform gyrus (pFG). Unlike HT-selectivity in visual cortex, VT-selectivity reflected true differential activation (Fig. 3, L MOG) . ANCOVAs showed no positive Table 5 Bisensory location-selective activations from the conjunction contrast of (HL-HT) + (VL-VT). x, y, z = Talairach coordinates; t max = peak t value; r(VH) and p values refer to inter-task correlations (significant values, Bonferroni-corrected, in bold). Table 6 Bisensory texture-selective activations from the conjunction contrast of (HT-HL) + (VT-VL). x, y, z = Talairach coordinates; t max = peak t value; r(VH) and p values refer to inter-task correlations (significant values, Bonferroni-corrected, in bold). correlations with behavioral accuracy, with a significant negative correlation at a single focus in left lateral OFC-group activation at this site was minimal and non-selective. Order effects. Since half the subjects underwent haptic scans first and the other half, visual scans first, we tested for activation differences as a consequence of this order of modalities, using interaction contrasts between order and the within-modal taskspecific contrasts just described. No significant differences survived correction for multiple comparisons at the q b 0.001 threshold; this was true even at a more liberal threshold (FDR q b 0.05). Thus, the observed task-selective activations are not attributable to either the sub-group who experienced visual stimulation first or the sub-group who experienced haptic stimulation first.
Bisensory task-specific activations
Location-selective. Bisensory location-selective activations were revealed by the conjunction of the HL-HT and VL-VT contrasts. These regions, shown in Fig. 5 and listed in Table 5 , were mainly in the FEF and along the IPS bilaterally. Among these regions, three showed significant positive correlations across subjects between the magnitudes of activation in the HL and VL tasks. Two foci were in the right FEF; the third was in the left posterior IPS (pIPS), probably corresponding to the caudal intraparietal area (CIP) (Shikata et al., 2008) .
Texture-selective. The conjunction of the HT-HL and VT-VL contrasts was used to identify bisensory texture-selective regions (Table 6; which lay in the MOG bilaterally, in the left lingual gyrus (LG), left PMv and left IFG extending into the inferior frontal sulcus (IFS). Although the frontal cortical foci did not feature in the list of VT-selective regions, they were present in the HT-selective set as well as in the bisensory textureselective set, the differences probably reflecting statistical threshold effects. Of the bisensory regions, the left LG and left PMv foci showed significant positive correlations across subjects between the magnitudes of activation in the HT and VT tasks.
Eye movements
Even though participants were required to fixate during visual presentations, and were blindfolded with their eyes closed during haptic presentations, it is possible that location-selective activations in either modality, especially in the FEF and IPS, could have been due to greater eye movements in the location conditions relative to the texture conditions (Corbetta and Shulman, 2002) . To assess this possibility, eye movements were monitored using a novel method that can record eye movements even when the eyes are closed (see Methods). Table 7 shows that although total eye movements, reflecting cumulated values of transient deviations of eye position regardless of sign, were non-zero, net eye movements (drift over time from initial position) were negligible in all conditions, because of movements in opposite directions along each axis. Critically, both these measures were very similar for the location and texture conditions within each modality, and t-tests revealed no significant differences between these conditions in each modality (Table 7) . Thus, there were no detectable differences in eye movements between location and texture conditions that could account for location-selective activations in regions known to be associated with eye movements.
Connectivity analyses
As shown in Supplementary Table 6 and Fig. 7 , there was quite clear segregation of pathways between texture and location processing in each modality. As outlined in the Methods, the ROIs for connectivity analyses were chosen to represent unisensory non-selective, unisensory task-selective, and bisensory task-selective areas. For HT, the left PoCG projected to OP3 in the parietal operculum bilaterally; in turn these projected to the MOG bilaterally. This implies that unisensory haptic regions non-selective for task, in the PoCG of S1, projected to HTselective parietal opercular cortex (OP3), and on from there to bisensory texture-selective occipital cortex (MOG). For VT, there was a similar pattern of information flow; the left pFG, a visual non-selective area, projected to VT-selective cortex in the right pFG, which in turn projected to bisensory texture-selective cortex in the right MOG. The connectivity patterns for the location tasks were more complex than those for the texture tasks. For HL, the left PoCG, located in S1 and haptically nonselective, projected either directly or indirectly to bisensory, locationselective areas: the left FEF or various regions in and around the IPS. The IPS regions included the right supramarginal gyrus (SMG), a focus in the right superomedial IPS (smIPS) that probably corresponds to the medial intraparietal area (MIP) (Shikata et al., 2008) and the left pIPS. For VL, both visual non-selective (left pFG) and VL-selective (right precuneus, bilateral STS) regions projected to bisensory location-selective regions in the FEF and IPS bilaterally-the IPS regions included the right SMG and bilateral smIPS. Thus, overall, the connectivity patterns were consistent with serial flow of information from unisensory regions lacking taskselectivity to bisensory, task-selective regions, reflecting segregation of task-associated pathways but convergence across vision and touch.
Discussion
Analysis of the behavioral data obtained during scanning showed that subjects performed at a high level of accuracy, i.e. above 80% correct in all tasks. Although accuracy on the VL task was significantly higher than in either the VT or HL tasks, this did not impact the activations, since voxels independently identified as showing correlations (positive or negative) between activation magnitude and accuracy in each task were essentially non-overlapping with the corresponding activation maps. Not surprisingly, unisensory activations common to location and texture tasks were found in somatosensory cortical regions and parts of the motor circuit in the case of haptic stimulation, and in visual cortical regions for visual stimulation. It is worth noting that the selectivity observed for either task was relative rather than absolute in most regions, as noted earlier .
Texture-selectivity
HT-selectivity, without accompanying VT-selectivity or visual responsiveness, was found in the parietal operculum, including OP4, OP1 and OP3. This replicates our previous report of HT-selectivity in this 
Table 7
Net eye movement and total eye movement (°) in horizontal and vertical directions during each condition; p value refers to t-tests (two-tailed) contrasting location and texture for each set of measures. region . In this earlier study, HT-selectivity was observed relative to haptic shape in a small number of participants (n = 6) whereas in the present study, HT-selectivity was found relative to HL in a larger participant group (n =18). Therefore, taking the present study together with our earlier study , the somatosensory fields of the parietal operculum can be regarded as unisensory tactile areas with specialization for processing surface texture. This accords with some earlier studies showing parietal opercular selectivity for perception of roughness (Ledberg et al., 1995; Roland et al., 1998) or hardness (Servos et al., 2001) , and with findings that S2 neuronal responses encode roughness (Jiang et al., 1997; Pruett et al., 2000; Sinclair et al., 1996) . As pointed out earlier, texture is an object property that is highly salient to touch; moreover, touch excels at extracting fine texture information and can dominate the visual percept (reviewed by Whitaker et al., 2008) . Thus, the finding of HT-selectivity in the parietal operculum is consistent with Mishkin's (1979) postulate that "what" information acquired through touch is directed into a somatosensory pathway involving the parietal operculum. Note that HT-selectivity in the present study as well as in our previous study was present in all three somatosensory fields of the parietal operculum. Eickhoff and colleagues (2007) have provided good evidence that OP1 is the probable human homolog of macaque second somatosensory cortex (SII), OP3 of the macaque ventral somatosensory area (VS) and OP4 of the macaque parietal ventral area (PV). HT-selectivity was also found in parts of left frontal cortex: in PMv, IFG and OFC, as well as in visual cortex in the MOG bilaterally. In most of these foci, the BOLD signals were negative relative to baseline for both HT and HL conditions, but less negative for HT than HL. This was not the case for HT-selective visual cortical activity in our prior study . Thus, the interpretation of HT-selectivity in these regions is less clear than in the parietal operculum. One possibility is that some of these regions may have been active during the rest state in the present study, a possibility supported by the observation that visual cortical activity during rest is correlated with that in a part of posteromedial cortex (Cauda et al., 2010) . This requires further evaluation. However, VT-selectivity in visual cortex, in left MOG and right pFG, did reflect truly differential activation. VTselectivity in these parts of visual cortex is generally consistent with previous reports that have found similar selectivity in and around the collateral sulcus (Cant et al., 2009; Cant and Goodale, 2007; Peuskens et al., 2004; Puce et al., 1996) as well as distributed through visual cortex (Beason-Held et al., 1998) .
There was bisensory texture-selectivity at some of these sites: in posterior visual cortex in the MOG bilaterally, in inferotemporal visual cortex in the left LG, and frontally in the left PMv and left IFS. The right MOG site was near a site showing bisensory overlap of textureselectivity relative to shape in our prior study , although a conjunction analysis was not performed in that study and thus its results are less robust. Among the bisensory texture-selective sites in the present study, the left LG and left IFS showed significant correlations across individuals between HT and VT activation magnitudes, pointing to these regions as potentially housing multisensory texture-selective neurons. Parts of inferotemporal cortex around the LG focus were previously suggested to be bisensory on the basis of similar object category-specific responses across visual and haptic presentation (Pietrini et al., 2004) . In the PMv, we previously reported bisensory Fig. 7 . Significant paths identified by connectivity analyses (see text for details and abbreviations). Color key for foci: white, unisensory non-selective; blue, unisensory textureselective; yellow, bisensory texture-selective; green, unisensory location-selective; red, bisensory location-selective.
shape-selectivity ; a number of multisensory responses have been found in this region in macaques (Graziano et al., 1997; Rizzolatti and Craighero, 2004) and humans (Ehrsson et al., 2004) .
The connectivity analyses demonstrated, in each modality, flow of information from unisensory non-selective areas (left PoCG for touch, left pFG for vision) to modality-specific texture-selective areas (bilateral OP3 for touch, right pFG for vision) and further to bisensory textureselective areas (MOG). Haptic information flow from the PoCG (S1) to OP3 in parietal opercular cortex thus reinforces the activation findings in supporting Mishkin's (1979) suggestion of a somatosensory "what" pathway involving projections from S1 to S2, in accord with anatomical and physiological studies that bolstered this concept (Burton et al., 1990; Friedman et al., 1986; Pons et al., 1987 Pons et al., , 1992 . Thus, the present human study is more in keeping with findings from macaques (Burton et al., 1990; Friedman et al., 1986; Mishkin, 1979; Pons et al., 1987 Pons et al., , 1992 than in other non-human primate species, which emphasized parallel processing in S1 and S2, rather than serial information flow from S1 to S2 (Nicolelis et al., 1998; Zhang et al., 2001) . Hierarchical information flow from S1 to S2 is supported by human studies using magnetoencephalography during electrocutaneous stimulation (Inui et al., 2004) or tactile pattern discrimination (Reed et al., 2009) , or electroencephalography during tactile shape discrimination (Lucan et al., 2010) . It is unclear why VT information flow appeared to originate in the FG and end in early visual cortex, in contrast to HT information streaming from S1 through parietal opercular cortex to the MOG. Although this may reflect differences in texture processing between vision and touch (Whitaker et al., 2008) , with predominantly bottom-up information flow in touch but possibly top-down processing in vision, limitations of effective connectivity analysis based on the slow hemodynamic response dictate the necessity for further work to settle this issue.
The flow of HT information into visual cortical areas suggests that these areas are likely to be functionally involved in processing haptic texture, consistent with findings that transient interference with or permanent abolition of occipital cortical function disrupts haptic roughness perception (Merabet et al., 2004) . However, there is some lack of consistency on various points: (i) the activations found here and previously implicate both the MOG and the LG in bisensory texture perception, (ii) the connectivity analyses of the present study implicate the MOG but the inter-modal correlations point to the LG in bisensory texture perception, and (iii) HT-specificity suggested by the earlier transcranial magnetic stimulation and lesion study (Merabet et al., 2004) was not corroborated by a matched fMRI study, which found only weak, non-selective visual cortical activation (Merabet et al., 2007) . Thus, further investigation of unisensory and multisensory texture-selectivity is warranted, particularly in relation to intersensory differences and somatosensory interactions with vision (Klatzky and Lederman, 2010; Whitaker et al., 2008) , hearing (Guest et al., 2002) and taste (Auvray and Spence, 2008) .
Location-selectivity
As expected, VL-selectivity was found in a number of dorsal areas, including the FEF and multiple regions around the IPS bilaterally. Posterior parietal cortical regions in and around the IPS have been repeatedly shown to be selective for a variety of visuo-spatial tasks, e.g., locating stimuli in extrapersonal space (Haxby et al., 1994; Ungerleider and Mishkin, 1982) , determining spatial relationships between objects (Amorapanth et al., 2010; Ellison and Cowey, 2006) and mental rotation (Gauthier et al., 2002) . Interestingly, the present study shows that many of these regions were also location-selective in touch, and received input from unisensory areas in both modalities, indicating that they process location independent of stimulus modality. Specifically, these regions appear to be involved in processing the location of a feature on an object, since this was the nature of the location task used in the present study.
The HL-selectivity in posterior parietal regions is consistent with prior reports (Reed et al., 2005; Renier et al., 2009 ). These regions also appear to be location-selective for auditory (Arnott et al., 2004) , audiotactile (Renier et al., 2009 ) and audiovisual (Sestieri et al., 2006) in addition to tactile and visual stimuli, although all three modalities have not so far been tested in the same study to confirm the existence of trisensory location-selective regions in humans, to the best of our knowledge. The FEF or nearby regions are also implicated in auditory spatial localization (Arnott et al., 2004) , and our group has previously reported FEF activation during a variety of somatosensory tasks Stilla et al., 2007; Zhang et al., 2005) . Thus, the FEF can be appropriately regarded as a region that processes multisensory inputs, as is the case for other premotor areas, e.g. PMv (see above). Both the FEF and the IPS are importantly involved in directing visuospatial attention, constituting the "dorsal attention network" (Corbetta and Shulman, 2002) , which also appears to be multisensory (Macaluso, 2010) . One obvious question is whether eye movements could have been responsible for these location-specific activations, especially in the FEF and IPS which are known to be involved in eye movements (Corbetta and Shulman, 2002) . However, analysis of eye movements revealed no significant differences between conditions, ruling out this possibility.
The patterns of location information flow were somewhat less clear than those for texture, although an overall flow of information reflecting segregation of task-associated pathways but convergence across vision and touch was still discernible, from unisensory regions without task-selectivity to bisensory, task-selective regions in the FEF and around the IPS. For HL, the flow began in the left PoCG of S1, a haptically non-selective region, whereas for VL, early visual cortical areas (e.g. in the MOG) were not featured in the connectivity matrix, which originated instead in higher-order areas-the left pFG (a visual non-selective area), and the right precuneus and bilateral STS (VLselective regions). The reason for this is not clear. As for texture, it is premature to infer functional differences between the modalities in these pathways, given limitations of effective connectivity analysis based on the BOLD signal.
Among the bisensory location-selective regions identified in the present study, the right FEF and left pIPS demonstrated significant correlations across individuals between activation magnitudes in the VL and HL tasks, suggesting that these regions are the most likely candidates for housing multisensory, location-selective neurons. Interestingly, the left pIPS region also showed significant inter-modal correlations during visual and haptic shape perception in our previous study , and has been implicated in cross-modal shape matching (Saito et al., 2003) . Note that visual shape-selective responses occur in parietal cortex (e.g., Denys et al., 2004; Konen and Kastner, 2008; Sereno and Maunsell, 1998) in addition to the ventral stream. The shapes used in our prior study were unfamiliar and meaningless; thus, apprehension of their global shape probably involves computing spatial relations between parts. In our model of multisensory object recognition (Lacey et al., 2009) , we suggested that this computation is important for recruiting parietal cortical regions, perhaps involving spatial imagery, and may be an especially important aspect of shape processing for unfamiliar objects. The co-localization of intersensory correlations in the left pIPS for shape and location (present study) point to the possibility of a multisensory neuronal pool that mediates the spatial processing of relations between object parts to arrive at global shape.
Dual somatosensory and visual pathways and bisensory convergence
The present study, together with our previous study provides clear support for Mishkin's (1979) conjecture that somatosensory processing flows from S1 into S2 as part of a pathway for object identity information, when texture is used as the key identifying stimulus property. This is consistent with our hypothesis, predicated on the high saliency of texture for touch and the importance of touch for texture perception (Whitaker et al., 2008) . This haptic pathway projects further onto multisensory regions in early visual cortex and is relatively segregated from the haptic location-selective pathway, which is directed into multisensory regions in dorsal frontoparietal cortex. Thus, the duality of processing streams for location and identity observed in other sensory systems (Arnott et al., 2004; Haxby et al., 1994; Ungerleider and Mishkin, 1982) and multisensory combinations (Renier et al., 2009; Sestieri et al., 2006) also holds for touch and visuo-haptic convergence. The present findings, however, do not rule out the applicability of the alternative account based on the action-perception dichotomy in touch (Dijkerman and de Haan, 2007; , in which IPS regions are involved in grasping while the parietal operculum mediates object identification with special reference to texture-this account parallels a similar model for vision (Goodale and Milner, 1992) . The projections from somatosensory areas to classic visual and well-known multisensory areas, revealed by the connectivity analyses of the present study, have precedents in earlier studies using varying methods (Deshpande et al., , 2010b Lucan et al., 2010; Peltier et al., 2007; Reed et al., 2009 ).
In the case of visual processing, the findings of the present study corroborate many earlier studies demonstrating a dorsoventral segregation of location and identity information (Haxby et al., 1994; Ungerleider and Mishkin, 1982) , and complement these earlier studies in revealing segregated processing of visual texture and location information in ventral and dorsal pathways, respectively. Although we have emphasized segregation of these pathways, it is clear that the selectivity in most regions is relative rather than absolute, and obviously, interaction between these pathways is critical for integrated perception and action (Ellison and Cowey, 2009; Konen and Kastner, 2008) .
The present study also adds to the rapidly growing body of evidence for widespread multisensory processing, in the present case, of texture and location information across vision and touch. While the somatosensory location-selective pathway converges directly with its visual counterpart in dorsal frontoparietal cortex, the somatosensory textureselective pathway runs through the somatosensory parietal operculum before converging with its visual counterpart in visual and frontal cortex. Thus, many cortical areas formerly considered to be primarily associated with vision are in fact multisensory and may perform modality-independent operations on particular aspects of stimuli (reviewed by Sathian, in press ). This is also true of the bisensory regions found in the present study: e.g., the FEF and parts of the IPS for location processing, and parts of posterior occipital, inferotemporal and inferior frontal cortices for texture processing. The extent to which multisensory convergence regions found in the present and prior studies actually integrate multisensory stimuli remains uncertain. A recent fMRI study used cross-modal adaptation to suggest multisensory processing of shape at the neuronal level in the LOC, anterior IPS, precentral sulcus and insular cortex ). This study relied on the popular fMRI-adaptation method whereby adaptation is taken to imply recruitment of a common neuronal pool (Grill-Spector and Malach, 2001) ; however, this interpretation may not always be secure (Krekelberg et al., 2006; Mur et al., 2010) . In the present study, the subset of regions receiving bisensory input where activation magnitudes were correlated across individuals between the visual and haptic tasks offers candidates to be tested for the occurrence of multisensory neurons : the right FEF and left pIPS for location processing; the left LG and left PMv for texture processing. The extent and nature of multisensory integrative processing in these various regions merit further study.
Methodological considerations Eye movement recording
The novel method of eye movement recording used here, predictive eye estimation regression (PEER), utilizes the changes in MR signal generated by known eye movements in calibration runs to estimate eye movements during task performance. This method has been shown to be reliable (LaConte et al., 2006 and has a number of advantages over conventional eye tracking, although it does not have as high temporal resolution as conventional eye tracking methods. Not only is the PEER method less cumbersome, but it is also applicable to situations where the eyes are closed or subjects are blindfolded, both of which were true of the haptic runs here.
Connectivity analyses
There is now considerable interest in investigating functional and effective connectivity in relation to various regions and tasks. GCA is a method for effective connectivity analysis (Roebroeck et al., 2005) for which a multivariate formulation was developed, refined and applied by our group in a number of fMRI studies (Deshpande et al., , 2009 (Deshpande et al., , 2010a Hampstead et al., 2011; Lacey et al., 2011; Stilla et al., 2007 . Here, we used the version of the method which excludes zero-lag correlations (Deshpande et al., 2010a,b) and also applied a network reduction procedure described earlier . In response to simulation-based arguments that GCA can sometimes yield incorrect directionality estimates (Smith et al., 2011) , we introduced here a combined approach, in which GCA was used as an initial exploratory method to investigate interactions among a large number of ROIs, followed by the application of Patel's tau method, a Bayesian approach, to verify the direction of significant paths yielded by GCA. Only paths surviving both analyses were accepted, and resulted in a conservative estimate of effective connectivity which accorded with a priori hypotheses. We suggest this as a viable, albeit computationally intensive, approach going forward, that combines the merits of both GCA and Bayesian analysis-the former is well suited to exploratory analyses of large ROI sets that can then be subjected to iterative network reduction, while the latter can be used to verify the directionality of paths at each step of network reduction.
Conclusions
The present study establishes the existence of dual pathways for processing location and texture in both the somatosensory and the visual system. The texture pathways proceed from modality-specific regions without task-selectivity through regions specific for both modality and texture to texture-selective bisensory regions. The location pathways also originate in modality-specific regions lacking task-selectivity, but project directly to location-selective unisensory and bisensory regions. Both segregation of sensory processing according to object property and multisensory convergence appear to be universal organizing principles.
